We have obtained high-resolution (21-63 steps) 4°Arfl_Ar age spectra using a continu- Ga and older relict material is responsible for the dispersion of ages. In any case the aphanitic melts do not appear to be Serenitatis products. Our age for the Serenitatis impact shows, on the basis of the isotopic age evidence alone, that Serenitatis is >20-25 Ma and probably >55-60 Ma older than Imbrium (<3870 Ma and probably <3836 Ma [Dalrymple and Ryder, 1993]). Noritic granulite sample 78527 has a plateau age of 4146 + 17 Ma, representing a minimum age for cooling of this sample in the early lunar crust. So far there is no convincing evidence in the lunar melt rock record for basin-forming impacts significantly older than 3.9 Ga.
Introduction
In this paper we report results from a study whose primary purpose is (1) to determine precisely the formation ages of a variety of lunar impact melt rocks of well characterized compositions from precise and detailed *'Ar/3_Ar age spectra, clining, bombardment by large impactors from about 4.5 Ga to 3.9 Ga while it was collecting material from its orbital path [e.g., Baldwin, 1974; Hartmann, 1975; Neukum, 1977; Wilhelms, 1987] . According to this hypothesis, the isotopic clocks were continually reset by succeeding impacts, and the abundance of -3.9 Ga highlands isotopic ages and the corresponding lack of pre-4.0 Ga ages merely reflects the final phase of the bombardment, primarily the lmbrium event [Baldwin, 1974 [Baldwin, , 1981 [Baldwin, , 1987a Hartmann, 1975 Hartmann, , 1980 .
The other end-member hypothesis postulates an intense but brief bombardment at about 3.9 Ga (the "terminal lunar cataclysm") that was responsible for producing most of the highlands landforms, including the lunar basins [Ryder, 1990; Tera et al., 1974] . Ryder [1990] noted that complete resetting of isotopic clocks requires complete or near melting conditions, whereas studies of terrestrial craters have shown that most impact ejecta are created and deposited cold. He also noted that the very existence of pre-4.0 Ga ages for highlands crustal rocks and mare basalts argues against complete or extensive impact resetting of the isotopic systems. Examining the existing geochronologic data,
Ryder [1990] concluded that there is no convincing evidence for impact melt rocks older than about 3.9 Ga. The small number of reliable age data on impact melts and other ejecta are consistent with the hypothesis of the terminal lunar cataclysm and further suggests only light bombardment by basin-forming impactors during the first 600 m.y. of lunar history.
In contrast to its proponents, we argue that if the declining heavy bombardment hypothesis is correct, then the Ar isotopic systems of melt rocks should retain some record, even if imperfect, of those early basin-forming events. Reliable crystallization ages for impact melt rocks are needed to test this hypotheses and to refine the chronology of basin formation, yet few such data exist. In large part this is because melt rocks are usually contaminated with older clasts and commonly yield complex "Ar/_"Ar age spectra rather than straightforward plateau ages.
Until recently, relatively large samples (tens to hundreds of milligrams) were required, making contamination of the melt rocks by clasts nearly impossible to avoid. In addition, pre-1990 _'Ar/_"Ar age spectra typically contain few steps and are difficult to interpret because they lack detail and precision.
We are addressing the problem of the early impact history of the lunar surface by measuring 4"ArP_Ar age spectra for impact melt rocks using a continuous laser system that allows us to obtain high-resolution '°Ar/3_Ar age spectra of 20-60 steps on melt rock samples weighing as little as 0.060 mg; typical sample size is -0.5 mg. The use of this system on very small samples has several important advantages over other _'Ar/_Ar incremental heating methods, which typically require samples 100-1000 times larger.
The most important advantage is that by careful sample selection and preparation, melt rock fragments devoid of older, contaminating clasts can be analyzed. A second advantage is that we can target single crystal or lithic clasts within the melt rocks.
A third advantage is that the method conserves valuable lunar sample.
A primary goal of Apollo 17 was to collect samples of prelmbrian highlands materials as far as possible from the effects of the Imbrium basin-forming event. From the pre-mission geological analysis it was expected that Serenitatis basin products would dominate the material that forms the massifs near the Apollo 17
site, but the presence of pre-Serenitatis ejecta and a thin cap of lmbrium and Crisium ejecta was also expected [NASA, 1973; Wilhelms, 1987; Wolfe et al., 1981] .
The highlands rocks in the Apollo 17 collection are dominated by clast-bearing impact melts. Most of those that have been analyzed fall into two chemical and textural groups [Ryder, 1996; Spudis and Ryder, 1981] . The poikilitic melt rocks, which predominate, are relatively homogeneous in terms of chemical composition ( Figure 1 ) and clast population. Many of the poikilitic melt rocks were sampled from boulders whose sources appear to be outcrops higher up on the South and North Massifs [Spudis and Ryder, 1981; Wolfe et al., 1981] . Because of their homogeneity, abundance, and provenance, the poikilitic melt rocks are commonly thought to represent samples of the Serenitatis melt sheet [Dymek et al., 1976; Spudis and Ryder, 1981 ; Warner et al., 1976; Winzer et al., 1977] .
In contrast to the poikilitic melt rocks, the aphanitic melt rocks are chemically diverse (Figure 1 ), their clast populations differ from those of the poikilitic melt rocks, and the clasts are more varied in composition.
In addition, the petrography of the aphanitic melts indicates that at least many are accretionary objects whereas the poikilitic melts lack accretionary features. Some workers have interpreted the aphanitic melt rocks as Serenitatis melt sheet material [Deuce et al., 1976; James et al., 1978; Warner et al., 1976; Wood, 1975] . For this to be true, their ages have to be the same as each other and the same as those of the poikilitic Serenitatis impact melts. Spudis and Ryder [1981] and Ryder [1996] [Steiger and Jiiger, 1977] . Sometimes this results in a rounding error of as much as 0.01 Ga. All errors in this paper are 2t_). Some of the age spectra from these samples are complex, but many, including those that represent the extremes of the age range, appear to have distinctive plateaus [e.g., Cadogan and Turner, 1976; Stettler et al., 1978] .
The '°Ar/3_Ar age data from the few aphanitic melt rocks that have been studied also provide a range of ages (3.86-4.17 Ga).
Some of these ages are based on modeling of complex age spectra [e.g., Staudacher et al., 1979] , some are based on total fusion results obtained by pulsed laser probe [e.g., Eichorn et al., 1979; Miiller et al., 1977; Schaeffer et al., 1982a, b] , and some are based on seemingly straightforward age spectrum plateaus [Leich et al., 1975; Staudacher et al., 1979] . All except the pulsed laser data were obtained on relatively large, fragment-laden, bulk sampies. , 1975 Turner and Cadogan, 1975] . (Table I ). The petrography of the fragment is similar to the Apollo 17 and Apollo 16 poikilitic impact melts, hut it contains more clinopyroxene as oikocrysts, which are about a millimeter across [Ryder, 1992a] .
Apart from being an impact melt in its own right and thus potentially a recorder of the age of a lunar impact event, the poikilitic melt clast was included in our study because being immersed in and thus older than the 72255 aphanitic melt, it has the potential to provide an upper limit on the age of the 72255 aphanitic melt-producing event and thus provide useful informa- et al., 1977; Warner et al., 1977] . The high potassium is not a result of the greater abundance of clastic material, which is dominantly feld- spathic [Warner et al., 1977] . and Schmitt, 1975; Murali et al., 1977; Warren et al., 1983] that it is a norite in composition (only about 15 wt. % A1203 [Taylor, 1982] for age spectra, 2t_ errors for total gas age. 1978] ; atmospheric Ar is assumed to be negligible. The Ar isotope ratios were corrected for the system blank using the resuits of blank runs made at the beginning of the day and after every four to six temperature steps. All of the corrections are known with sufficient precision that they contribute negligible error to the age calculations for the lunar samples we analyzed _.
Plateau ages are expressed as the weighted mean of the plateau increments and its weighted error at the 95% level of confidence (2o_, [Taylor, 1982] ). We have been conservative in selecting plateaus, choosing to exclude steps rather than to include them if there is doubt. In general, however, the age spectra are sufficiently detailed that the inclusion or exclusion of one or more steps in a plateau has little or no effect on the weighted mean plateau age.
Total gas ages were calculated by summing the Ar data from each step. This results in the age that would have been obtained had the sample been fused in a single step.
K/Ca spectra were calculated from the incremental release of the 3_Ar generated by neutron reactions with _K, and the 3_Ar generated by neutron reactions with 4°Ca. These spectra have errors in accuracy of as much as 30%, but the errors in the ratios between individual increments within an age spectrum are generally precise within a few percent. The spectra can be used to determine whether high K/Ca phases or low K/Ca phases are pro_Analytical data and correction factors are available with entire article on microfiche.
Order 
Results
The ages and K/Ca spectra we obtained for the Apollo 17 samples are shown in Figures 2-4 and summarized in Sample 72255,235B (granulitic).
The age spectrum for this granulite shows evidence of Ar loss by heating, particularly in the low-T increments ( Figure 4a) ; recoil effects are not evident. It has a substantial if somewhat irregular intermediate-T plateau at 3850 +_16 Ma. The irregularity in the plateau is due to the relatively small size of the fragment analyzed and the low K of the sample (the combination of which resulted in very small amounts of Ar in each increment) and the resulting effect of small errors in the instrumental background corrections.
The higher-T increments have apparent ages that exceed 3900 Ma. These are from the lowest K/Ca phases, presumably the more anorthitic plagioclase cores. This age spectrum indicates that the granulite crystallized prior to 3900 Ma, was later affected by a major heating (impact) event, and subsequently cooled at about 3850 Ma.
Sample 72255,238B (aphanitic). The age spectrum of this aphanitic melt rock (Figure 3a) has a good high temperature plateau at 3869 + 16 Ma. The early increments show some Ar loss by reheating. The age spectrum has an intermediate T peak at about 30-40% _Ar released followed by a drop in apparent ages, then an increase in apparent ages to the plateau. We have not seen a spectrum like this before and are unsure of its cause, although the drop in apparent ages at 40-50% _Ar released may be due to recoil expressed at intermediate T, rather than high T. We interpret the high-T plateau of 3869 Ma as a crystallization age.
Sample 72255,248B (aphanitic). The age spectrum for this fragment (Figure 3b ) of aphanitic melt rock shows substantial effects of Ar loss by reheating in the early increments but climbs to a plateau at 3883 + 16 Ma between 50% and 75% _Ar released.
The increments above the plateau show a small decrease in age followed by an increase, which is indicative of _Ar recoil. The (Figure 2a ). The age spectrum shows minor effects of thermal reheating in the low-T increments and the effects of 3_Ar recoil in both the low-T and high-T increments.
The anomalous "spike" in the middle of the plateau is almost certainly due to an anomalous "°Ar background, which happens rarely in the laser extraction system. The anomalous step has been excluded from the weighted mean age calculation, but if this increment is included the age is 3895 _+16 Ma. Figure   2b ). The age spectrum shows severe effects of thermal Ar loss in the low-T increments and 3_Ar recoil effects in the high-T increments. We interpret this age spectrum as indicating a minimum age of 3869 Ma for his sample. Sample 72735,13A (high-K).
The age spectrum for this high-K melt rock (Figure 4c ) does not have a plateau but rises to a maximum of 3846 Ma at about 70% 3_Ar released. The sample shows the effects of substantial thermal Ar loss in the low-T increments, and of recoil in the high-T increments. We interpret this age spectrum as indicating a minimum age of 3846 Ma for the sample.
Sample 73155,33A (gabbro). The age spectrum of this clast, which was enclosed within poikilitic melt, has a small high-T plateau at 3865 + 16 Ma that includes 17% of the _gAr released (Figure 4d ). The sample also shows substantial effects of thermal Ar loss in the low-T increments and of some 39At recoil in the high-T increments. We interpret the plateau as indicating a crystallization/cooling age.
Sample 73155,33B (gabbro). The age spectrum of this clast, which was enclosed within poikilitic melt, has a substantial high-T plateau at 3900 + 16 Ma that includes 47% of the 3_Ar released (Figure 4e ). It shows effects of thermal Ar loss in the low-T increments, but no effects of _Ar recoil. We interpret the plateau as indicating a crystallization/cooling age. Sample 73155,33E (poikilitle). The age spectrum of this melt rock fragment (Figure 2c ) has an intermediate-T plateau at 3854 + 16 Ma that includes 34% of the _Ar released.
The age spectrum shows slight effects of thermal Ar loss in the low-T increments and _Ar recoil effects in the high-T increments. We interpret the plateau as indicating a crystallization/cooling age.
Sample 73155,34A (poikilitic). The age spectrum of this melt rock fragment (Figure 2d ) has an equivocal intermediate-T plateau at 3937 + 16 Ma. The age spectrum shows minor effects of thermal Ar loss in the Iow-T increments and _gAr recoil effects in the high-T increments. We are unsure whether the "plateau" represents a crystallization age or a minimum age of -3944 Ma (oldest increments). This fragment is of the same melt matrix as sample 73155,33E, yet the age spectra of the two samples are quite different. We suspect that the age spectrum of this fragment (73155,34A) is affected by older clasts.
Sample 76315,150A (poikilitic). The age spectrum for this melt rock has a good intermediate-T plateau at 3900 + 16 Ma that includes 34% of the 3_Ar released (Figure 2e ). The sample shows effects of '_Ar recoil but not of thermal Ar loss. We interpret the plateau as representing a crystallization age.
Sample 77135,178A (poikilitlc). The age spectrum for this melt rock does not have a plateau but rises to a maximum or 3743
Ma at about 75% of the _Ar released (Figure 2f ). This sample has suffered substantial effects of thermal Ar loss, and we interpret the maximum in the age spectrum as a minimum age for the crystallization of the sample. (Figure 4e ), has a good high-T plateau at 3900 + 16. We are not sure that the two gabbro samples are free of melt because the melt invades the gabbro, and this may explain the dissimilarity in their age spectra. The age spectrum from 73155,33A, for example, shows effects of _Ar recoil in the high-T steps (Figure 4d ), as is typical for fine-grained melt samples, whereas that of 73155,33B (Figure 4e) Wilhelms, 1984] . Baldwin [1987a, b] concluded from crater densities and from the presumed relaxation of basin rim heights due to hot "creep" that Serenitatis was relatively young, and on the basis of a radiometric age of 3.85 Ga for the lmbrium Basin, estimated ages for Serenitatis of 4.09 Ga (crater density) and 4.14 Ga (rim heights).
Age estimates for the Serenitatis Basin based on radiometric data, much of which is from other than melt rocks, have also varied. Huneke et al. [1973] and Turner et al. [1973] We have plotted all extant ages determined from plateaus in "Ar/_gAr age spectra for poikilitic melt rocks of "Serenitatis" composition in Figure 5 . The data from the literature are varied in quality.
Many [1974, 1975, 1978] , and Turner and Cadogan [1975] .
sion, totheweighted mean age of3893 + 9 Ma for the three Serenitatis melts that we dated and that we infer most reliably record the age of the Serenitatis event.
Despite the fact that it makes little difference in the numerical result, we prefer the age for the Serenitatis impact based on our three melt rock samples over mean values that use the older data for several reasons. Our result is based on greatly improved methods that (1) utilize very small samples and thus allow us to avoid, as much as possible, the effects of clasts and (2) result in very detailed and precise age spectra that allow us to be more critical in selecting plateaus. Thus, we conclude that the Serenitatis basin was formed 3893 + 9 Ma. Nectaris is the only other nearside basin whose age can be reasonably inferred from radiometric data (-3.89-3.92 Ga [Nyquist and Shih, 1992; Ryder, 1990; Wilhelms, 1987] ), but even so such an inference is much less sound than for Imbrium or Serenitatis. [Wilhelms, 1987] . Some of the Apollo 15 melts for which we obtained precise ages [Dalrymple and Ryder, 1991, 1993] Ga, but how much earlier is not apparent from the extant radiometric data. As was discussed above, rheological and crater-counting methods [Baldwin, 1987a, b] have yielded ages of 4.1 Ga and older for Serenitatis and pre-Serenitatis ba-
sins, but such ages are model dependent, highly speculative, and contradicted by radiometric data; they also are clearly wrong, for it is virtually impossible to derive a geological scenario for making the Apollo 17 poikilitic melts in a post-Serenitatis event.
So far, there is still no tangible evidence for a significant number of basin-forming impacts substantially older than 3.9 Ga.
The older ages of granulites such as 78527 reflect ancient events that might be the accretionary impacting of the Moon prior to 4.4
Ga followed by prolonged burial of the resulting breccias in a hot crust.
Only further radiometric dating of carefully selected melt rocks will provide a quantitative basin chronology and answer the important question of when lunar basin formation began. We hope to begin analyses of Apollo 16 melt rocks soon in order to provide a more definitive and precise age for the events represented by the rocks, one of which might be the Nectaris impact, and to continue our search, so far unfruitful, for impact melts that record pre-3.9 Ga basin-forming impacts.
